The effect of a range of solvents on the catalytic oxidation of methyl phenyl sulfide to methyl phenyl sulfoxide by MP-11 and by a cyclodextrin derivative of MP-11 was examined. The addition of low concentrations of alcohols enhanced the initial rate of sulfoxidation rate, most likely due to dispersion of MP-11 aggregates. Higher alcohol concentrations resulted in a decrease in activity arising from solvation of the hydrophobic sulfide, disrupting binding to the catalyst. In alcohols 10 the yield of product was decreased arising from increased rates of MP-11 deactivation via the formation of aldehydes (for primary alcohols) or by peroxide deactivation. The catalytic activity of cyclodextrin modified MP-11 was similar to that of MP-11 itself, demonstrating that it is the Ntermianal side of MP-11 which is the determinant of catalytic activity.
Introduction

15
The function of enzymes and proteins in non-aqueous solvents has been well established and, in some cases, commercialised [1] [2] [3] [4] [5] . Enzyme catalysis and biosensing in organic solvents offers many advantages over aqueous-based processes including increased substrate/analyte solubility, enhanced thermal stability, more 20 favourable reaction thermodynamics, ease of product / biocatalyst recovery and modified selectivity 1,2,6-10 . The peroxidases are an important group of enzymes which catalyse a wide variety of synthetically useful oxidation reactions using peroxides as oxidants. In spite of this, their potential in non-aqueous catalytic 25 systems has yet to be realised. This may, in part, be attributed to deactivation of the enzymes by the peroxide oxidant at the concentrations required for such reactions [10] [11] [12] . Strategies to overcome this problem have been developed, including the slow addition 13 or in-situ generation 14 of the peroxide. Alternatively, 30 studies have shown that a high concentration of substrate relative to the peroxide aids the regeneration of the native enzyme and prevents the formation of the peroxidase intermediates which result in enzyme deactivation [15] [16] [17] . Microperoxidases (MPs) are the products of the proteolytic 35 digestion of cytochrome c. MP-11 contains residues 11 -21 of the parent protein and is prepared by the action of pepsin on cytochrome c. The haem group is covalently attached to the Cys14 and Cys17 residues via sulfide bonds and is coordinated on the proximal side by the imidazole nitrogen of His18. The 6th axial 40 ligand position is either unoccupied or loosely coordinated by water 18 . In this respect the haem configuration is analogous to that of the peroxidase enzymes and MP-11 displays typical peroxidase activity.
The array of reactions catalysed by MPs is extensive. The 45 oxidation of phenolic substrates 17, 19, 20 , peroxide decomposition 21 , sulfide oxidation 22 , Mn 2+ oxidation 23 , the nitration of phenol in the presence of NO 2 -24 , the oxidation of N-methylcarbazole 25 and the dehalogenation of halophenols 26 have all been reported. Thus MPs display activity similar not only to peroxidases, but also to 50 catalase, cytochrome P450, and chloroperoxidase. Given this range of reactions and the structure of the haem group, it is hardly surprising that MPs have become popular as models to provide a better understanding of the catalytic mechanisms of the intact enzymes. 55 There have been few studies examining the effects of solvent on the catalytic activity of MPs. Wariishi et al. 27 have reported the decolourisation of water-insoluble azo and anthraquinine dyes by MP-11 in 90% methanol. In general it was found that MP-11 was most active in hydrophilic solvents such as methanol and ethylene 60 glycol, although this link was tentative. The activity of MP-11 was found to be relatively independent of methanol concentration and similar to that observed in aqueous buffer. In a subsequent study investigating the oxidation of Mn 2+ to Mn 3+ , a 50% methanol / water mixture yielded an activity 1.76 times that of 100% aqueous buffer 23 . Methanol concentrations greater than 30% had a detrimental effect on the sulfoxidation of dibenzothiophene, apparently due to competitive inhibition of the peroxidase 28 . Clearly the effect of methanol on the catalytic properties of MP-11 depend on the substrate and reaction involved, yet no satisfactory 70 explanation has been proposed for this behaviour. Kadnikova and Kostic found that addition of methanol dispersed aggregates of MP-11 and resulted in higher product yields for the sulfoxidation of methyl phenyl sulfide (thioanisole) 29 . Another consequence of this dispersion was the lowering of the enantioselectivity of the 75 catalysed reaction due to the decreased chirality of the MP-11 in its monomeric form.
A number of studies have shown that the addition of cyclodextrins (CD) to a reaction mixture can improve enantioselectivity. An e.e. of up to 34% could be obtained for the 80 oxidation of sulfides with H 2 O 2 in the presence of -CD 30 while the oxidation of sulfides in crystalline CD-sulfide complexes proceeded enantioselectively, with the % e.e. depending on the oxidant, solvent and reaction temperature 31 . In these instances, the difference in stability of the product-CD complex was thought to 85 be responsible. This would suggest that a system whereby a CD was attached to an enzyme should improve selectivity even further. Not only would there be a difference in the substrate/product binding energy with the CD, but each enantiomer would be held in a different orientation relative to the active site. Bonchio et al. 90 produced a number of cyclodextrin derivatives which could coordinate a Mo(IV) oxidation catalyst 32 . Depending on the ligand and reaction conditions used, the Mo(IV) -CD catalyst could achieve a % e.e. of up to 60%. Barletta has shown that subtilisin Carlsberg lyophilised in the presence of methyl -cyclodextrin had 95 a significantly enhanced activity and selectivity when suspended in organic solvents 33, 34 . Breslow has extensively described the use of CD-modified molecules as enzyme mimics that could override intrinsic reactivities to enhance regioselectivity although difficulties were encountered with poor catalytic turnover in some instances, possibly due to strong product binding 35 . For example, attachment of -cyclodextrin to manganese porphyrins altered their selectivity to a range of stilbene substrates although the enantioselectivity of the mimics was not investigated 36 . In another study the selective 5 hydroxylation of steroid derivatives could be achieved using a similar technique 37 . Fernandez et al. formed mono-6-amino and mono-6-alkyldiamino derivatives of -CD 38 . These modified CDs were attached via amide bonds to the Asp and Glu residues of bovine pancreatic trypsin using carbodiimide (EDC) as a coupling 10 agent. Two CD molecules were attached per enzyme molecule. In some instances, the modified enzymes had improved esterolytic activity due to enhanced enzyme-substrate binding near the active site, presumably by the formation of inclusion complexes with the CDs. Again, the effect of the CD on enantioselectivity was not 15 explored.
In this paper we report on the effect of a range of solvents on the catalytic oxidation of methyl phenyl sulfide to methyl phenyl sulfoxide by MP-11 and by a cyclodextrin derivative of MP-11. A sulfoxide was chosen as they are increasingly being used as 20 starting materials for the asymmetric synthesis of biologically active compounds 39 . In addition, many organic sulfides are insoluble in water, thus necessitating the use of organic solvents during biocatalysis.
Experimental
25
Materials
Horse-heart microperoxidase-11 (90%) and cytochrome c were used as received from Sigma-Aldrich. Acetonitrile (99.99%), 2-propanol and t-butyl alcohol (both  99%) were from Fischer Scientific. Formic acid (98%), sodium carbonate and sodium 30 hydrogen carbonate (both 99%) were from BDH. Acetic anhydride (extra pure) was from Merck and 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) from Pierce Biotechnology. All other reagents were obtained from Sigma-Aldrich. Deionised water was obtained from an Elgastat 35 Maxima system with a resistivity of 18.2 Mcm -1 on delivery.
Measurement of initial rate of sulfoxidation
The initial rate of reaction ( 0 ) was determined by measuring the decrease in UV absorbance at 251 nm on addition of H 2 O 2 using a Shimadzu UV-1601 PC spectrometer. A typical aqueous 
Equation 1
where A t is the absorbance at 251 nm at time t, and  251 are the 55 extinction coefficients of the sulfide and sulfoxide compounds at 251 nm, determined as 9565 and 1268 M -1 cm -1 respectively.  0 was calculated from the slope of the [sulfoxide] vs. time plot for up to 10% sulfide conversion. For the oxidation of 4-MTBA, the reaction was monitored at 277 nm. 60 For reactions involving organic solvents, the haem-compound and methyl phenyl sulfide were dissolved in the appropriate buffer/organic solvent mixture before transfer to the cuvette. The volumes of ethylene glycol and glycerol were measured gravimetrically due to the viscosity of the solvents. In cases where 65 high organic solvent concentrations caused buffer precipitation, the precipitate was removed by centrifugation prior to spectroscopic measurement. The extinction coefficients of the sulfide and sulfoxide compounds were measured in the each solvent mixture and used in the calculations. In some cases the solvent caused a 70 shift in the  max of the sulfide. In these instances, the analysis was performed at the new  max and the extinction coefficients were measured at this wavelength.
The concentration of methyl phenyl sulfide used was 3. deionised water and ultrafiltered (Amicon 8050, MWCO 1000 Da) to remove unreacted acetic anhydride and buffer salts. The pH was adjusted to 7.0 with 0.1 M NaOH and ultrafiltered a further 2 times before freeze-drying. The freeze-dried product was then dissolved in a minimum of HPLC mobile phase and purified by preparative 95 HPLC using 0.1% TFA / acetonitrile (72/28) at a flow rate of 10 mL min -1 . The NAcMP-11 peak eluted after ~ 25 min and fractions of  96% purity were pooled and neutralised with 0.1 M NaOH. Acetonitrile was removed under vacuum by rotary evaporation at 40°C. The remaining sodium triflouroacetate was removed by 100 ultrafiltration. The resulting solution was freeze-dried and the product stored at -18°C. The extinction coefficient in 0.1 M phosphate buffer at the absorbance maximum of 397 nm ( 397 ) was determined by measuring the concentration of iron in a series of solutions (2-10 M) using atomic absorption spectroscopy (Varian number of minutes to dissolve. 220 mg of EDC was then added and the reaction was allowed to proceed for 25 minutes after which time the reaction was quenched by the addition of 30 mL of icecold deionised water (1:10:112 molar ratio of NAcMP-11:-CD-NH 2 :EDC). The solution was ultrafiltered to remove low 115 molecular weight reaction products and excess reagents. The pH was adjusted to 7.0 with 0.1 M NaOH and ultrafiltered a further two times before freeze-drying. The freeze-dried solid was dissolved in a minimum of HPLC mobile phase and purified by preparative HPLC using the following gradient method: 0-60 min To confirm the site of substitution, the haem groups of MP-11 10 and the CD-MP-11 product were removed from the peptide chain by modification of the method used for cytochrome c 45 . 0.5 mg of the MP compound was dissolved in 0.25 mL of deionised water. 0.5 mL of a saturated Ag 2 SO 4 solution containing 4 L of acetic acid was added to the MP solution and stirred in the dark at 40°C 15 for four hours. The resulting haem aggregates were removed by centrifugation, dissolved in HPLC mobile phase and analysed as described below. The peak for the haem aggregates eluted at the same time for both MP-11 and CD-NAcMP-11 (9.5 minutes), thus indicating that the site of substitution was on the Glu21 residue on 20 the peptide and not on the haem propionates.
HPLC analysis
For the preparation of NAcMP-11 and its cyclodextrin derivative, analytical HPLC was performed on an isocratic, reverse-phase system using a Waters Bondapak, C 18 , 5m column (3.9 x 300 25 mm). A Waters 1525 Binary HPLC pump, 717+ autosampler and 2487 Dual  detector ( = 397 nm) were employed and the chromatograms were processed using Breeze v. 3.20 software. The mobile phase consisted of 0.1% TFA / acetonitrile (65/35) delivered at 1 mL min -1 . The samples were diluted in mobile phase 30 prior to injection (20 L). MP-11, CD-NAcMP-11 and NAcMP-11 eluted at 4.6, 6.5 and 10.9 minutes respectively. Purification of NAcMP-11 and its cyclodextrin derivative was performed on the same system (2 mL sample loop) using a Phenomenex C 18 300A, 10 m, 250 x 15 mm preparative column. The mobile phase 35 composition is outlined above. Analysis of haem fragments was carried out on a Waters XTerra MS column (3.5 m, 4.6 x 100 mm). The mobile phase was 0.1% TFA / 0.1% TFA in acetonitrile (75 / 25, 1 mL min -1 ). The samples were diluted in mobile phase prior to injection (20 L). 40 Confirmation of the reaction product as methyl phenyl sulfoxide and that no sulfone was formed was carried out by extracting the reaction mixture in diethyl ether. The enantioselectivity of the reaction catalysed by MP-11 was determined in a similar manner. The recovered ether layer was 45 transferred to a glass vial where the ether was evaporated at 30°C under a stream of nitrogen. The residue in the glass vial was reconstituted in 0.5 mL of acetonitrile prior to injection onto the HPLC system. A Chiralpak AD 250 x 4.6 mm (Daicel) was used with a mobile phase of 100% acetonitrile at 0.8 mL min -1 . The 50 column temperature was maintained at 1°C, and the sulfoxide enantiomers eluted at 9.2 and 10.1 minutes with a baseline resolution of  1.5. The sulfoxide peaks were in turn well resolved from those of the sulfide and any potential sulfone product which eluted at 4.7 and 4.4 minutes, respectively. To determine if any 55 sulfoxide product was further oxidised to methyl phenyl sulfone, the analysis was repeated with the detector set to 217 nm as the sulfone absorbs strongly at this wavelength. Control experiments showed that methyl phenyl sulfide, sulfoxide and sulfone could all be extracted from aqueous buffer using diethyl ether.
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Electrochemical measurements
The electrochemical properties of NAcMP-11 and its CD derivative were measured in 50 mM PO 4 3-buffer containing 25
mM MgSO 4 using a 3 mm diameter glassy carbon (GC) electrode 65 (CH-Instruments). The electrode was rinsed with methanol and water before polishing with a 0.05 m -alumina slurry (CHInstruments). The electrode was then rinsed thoroughly in water and allowed to dry in air before use. The electrochemical set-up and all thermodynamic and kinetic measurements were performed 70 as described previously 46 . MP solutions were degassed using oxygen-free nitrogen (BOC gasses) for 5 minutes prior to measurement. Experiments conducted with square wave voltammetry showed that the redox potential was not affected by concentration of the haem compound between 0.02-0.24 mM.
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Results and Discussion
The synthesis of CD-NAcMP-11 (Fig 1) was confirmed by ESI-TOF mass spectrometry analysis while HPLC analysis demonstrated that the CD was attached to Glu21 residue. Electrochemical characterisation of NAcMP-11 and CD-NAcMP- 80 11 (Fig 2) showed that the redox potentials were similar at -0.146 and -0.145 V, respectively (vs. S.H.E. Table 1 ). The data for NAcMP-11 are in reasonable agreement with that of Battistuzzi et al. 47 . For both compounds, a linear increase in E°' is observed with increasing temperature. This trend is common to other 5-coordinate haem species and is thought to originate from the 90 exposed distal side of the haem iron which can interact with the solvent dipoles 47, 49, 50 . Reduction of the iron leads to a less ordered solvent structure around the haem resulting in positive S rc°' values. The positive enthalpy change stems from the less favoured reduced haem oxidation state in the presence of electron donating 95 nitrogenous ligands. As with cytochrome c, the redox potential is enthalpically controlled and the resulting redox potential is negative. The presence of a bulky CD group has little if any effect on redox thermodynamics, which is consistent with the modification occurring on the peptide chain and away from the 100 haem group.
The D o and k s values for NAcMP-11 are in good agreement with those reported previously for NAcMP-8 and MP-11 51, 52 . The diffusion coefficient of CD-NAcMP-11 is marginally smaller than that of the parent compound, which might be expected due to the 105 presence of a bulky side group on the peptide. More significant is the difference in electron transfer rate constant, k s , with the value for NAcMP-11 being almost twice that of CD-NAcMP-11. Arrhenius plots yield almost identical (Fig 4) values of E a for the two compounds and thus changes in the activation energy cannot 110 account for the difference in k s . From Marcus theory 53 the discrepancy in k s values must be due to an increased distance between the redox centres (the haem and the electrode). If the interaction between the electrode and MPs is through negatively charged carboxyl groups, then the rate of electron transfer should 115 not be affected as two such groups exist on the CD-NAcMP-11 in close proximity to the haem. The interaction between the electrode and CD-NAcMP-11 is therefore likely through the peptide on which the CD group resides.
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Kinetics of sulphide oxidation
The addition of hydrogen peroxide to an aqueous solution containing MP-11 results in a rapid decrease in sulfide absorbance at 251 nm (Fig 5) of the reaction mixture did show the presence of sulfoxide product corresponding to 5% conversion of the sulfide. While cytochrome c is known to be catalytically active in the oxidation of sulfides, the product yields from the reaction are typically low 54 . The presence of axial ligands on the haem iron is likely to inhibit peroxide 10 binding and slow the catalytic rate. In addition, cytochrome c is known to be more susceptible to peroxide deactivation, with a deactivation half-life significantly lower than that of the native peroxidase enzymes 55 . The oxidation of methyl phenyl sulfide by MP-11 was also 15 observed in aqueous-solvent mixtures. Figure 6 displays the results for a number of solvents with the values of  0 and the % sulfide conversion in selected solvent mixtures listed in Table 2 (based on the optimum level of solvent in the case of the alcohols or the maximum amount of added solvent at which a reaction was 20 observed for the other solvents). A number of trends in the data are apparent: (i) the initial oxidation rate is significantly lower at high solvent concentrations than in aqueous buffer (by one order of magnitude in the case of 90% methanol), (ii) alcohols promote the oxidation reaction up to a certain threshold concentration after 25 which a steady decrease in activity is observed. This is true for primary, secondary and tertiary alcohols, although the position of the peak activity varies from solvent to solvent (iii) The addition of non-alcoholic solvents results in a steady decline in  0 with increasing solvent concentration. 30 UV-visible spectra of MP-11 in acetonitrile and THF buffer solutions give an indication as to why the decrease in activity occurred in these solvents. In the case of 25% acetonitrile, coordination of the 6 th axial ligand position of the haem iron by the solvent is apparent, with a red-shift in the position of the Soret 35 peak (399 to 411 nm), a prominent shoulder appearing on the Soret band around 360 nm, and the presence of the Q v band at 533 nm. These features are consistent with the formation of a 6-coordinate, low-spin haem species 56 which is likely to inhibit peroxide binding to the MP-11 and lower the catalytic activity. For 5% THF, a red- 40 shift in peak position and significant reduction in intensity (80%) was noted for the Soret band. Almost all other spectral features disappeared. O'Donoghue reported a similar decrease in Soret band absorbance when MP-11, which was covalently immobilised onto gold mesh, was immersed in anhydrous THF 57 . In addition, 45 no residual redox activity (Fe 2+ to Fe 3+ redox couple) was observed in aqueous buffer for the immobilised MP-11 after it had been exposed to THF. Clearly exposure of MP-11 to THF irreversibly denatures the haem-peptide, although the mechanism of this denaturation is unclear. 50 There is no spectral evidence of denaturation or coordination of the MP-11 by DMSO. Like all sulfoxides, DMSO can be oxidised to the corresponding sulfone by hydrogen peroxide 58 and it is possible that DMSO competes with the sulfide substrate. Indeed chloroperoxidase catalyses the oxidation of DMSO which would 55 support such a possibility 59 , while modified cytochrome c can catalyse the oxidation of a range of sulfoxides to sulfones 60 . As the activity of the MP-11 is lowered on addition of these solvents (acetonitrile, THF and DMSO), subsequent work focussed on alcohols. 60 The kinetics of oxidation of methyl phenyl sulfide by CDNAcMP-11 ( 0 = 3.3 x 10 -7 M s -1 ) yield results similar to those obtained with MP-11 indicating that the CD group does not play a role in the catalytic mechanism. Confirmation of this was obtained from the enantioselectivity data which showed that the sulfoxide 65 product which formed was essentially racemic (Table 3 ). It is possible that the sulfide does form an inclusion complex with the CD cavity but that the exposed nature of the haem group allows other non-bound sulfide molecules to react with the peroxide generated Compound I species of microperoxidase. To ascertain if 70 this was the case, the CD-NAcMP-11:sulfide ratio was increased from 1:200 to 1:1 and the solution was allowed to equilibrate for 15 minutes prior to peroxide addition to enable the formation of the CD inclusion complex. These modified conditions failed to alter the enantioselectivity of the reaction. It is also possible that 75 the sulfide forms an inclusion complex with the CD group and becomes oxidised, but the sulfoxide product does not leave the CD cavity and thus regenerate the chiral binding site. To prevent such a scenario, the reaction was performed in 95% solvent solution to aid turnover of the CD cavity. Both the selectivity and % 80 conversion are very similar to those of NAcMP-11 (Table 3) indicating that the nature of the N-terminal side of the peptide (which is the same for both NAcMP-11 and CD-NAcMP-11) is the most important factor in determining the catalytic properties of MP-11. To confirm this, the orientation of residues 11-21 in the 85 parent protein, cytochrome c, were examined using PyMOL. From the model it is clear that the Glu21 residue to which is CD is attached is held away from the catalytically active distal side of the haem. Therefore any sulfide molecule complexed by the CD would be prevented from oxidation by the spatial orientation of the Glu21 90 residue. This would then explain the lack of selectivity shown by the CD-NAcMP-11 catalyst
Effect of alcohols on MP-11 activity
The same phenomenon was observed in all solvents with an 95 initial increase in activity at low alcohol concentration, followed by a peak and subsequent decrease in  0 (Fig 6) . In glycerol, it was difficult to measure  0 at levels above 50% solvent as the added peroxide did not mix well with the viscous solvent and formed an opaque dispersion. While MP-11 is not soluble at methanol 100 concentrations above 90% (and at slightly lower concentrations for the more hydrophobic alcohols), the decrease in activity is established well before this point, and so cannot be attributed to MP-11 solubility effects. The decrease in activity at the higher solvent concentrations cannot be ascribed to preferential oxidation 105 of the alcohols over the substrate either as the non-oxidisable tbutanol follows the same general trend as the other alcohols. A decrease in MP-11 activity for the sulfoxidation of dibenzothiophene when the concentration of methanol exceeded 30% 28 was ascribed to the formation of hydroxyl radicals in an 110 intermediate step in the catalytic cycle in a reaction between a proton and Compound II. However, no experimental evidence to support such a mechanism was provided. The data obtained here show that more hydrophobic alcohols show a peak in activity at lower solvent concentrations than their 115 hydrophilic counterparts (e.g. peak activity was observed at 12% and 23% in t-butanol and methanol, respectively). A reasonably linear correlation is obtained for plots (Fig 7) of the solvent concentration at peak activity versus the dielectric constant of the added solvent for alcohols with a single -OH group. This indicates 120 that the hydrophobicity of the solvent may play an important role in the decrease in MP-11 activity at high alcohol concentrations by competing with the peptide binding site on MP-11 for the hydrophobic sulfide substrate. De-solvation of the substrate before binding to the peptide would become increasingly more difficult at 125 high solvent concentrations or in the presence of more hydrophobic solvents, and has been reported previously for horseradish peroixdase and subtilisin Carlsberg 61.62 and the polarity of the residues 17, 20 play an important role in the activity of the catalyst. Therefore a more hydrophobic N-terminal peptide region should aid substrate binding and be less susceptible to added solvent. The most convenient means to increase the hydrophobicity of this region is to N-acetylate the primary amine 5 group on Lys13 and N-terminal amine of Val11 using acetic anhydride. The longer retention time for NAcMP-11 when compared with MP-11 on a reverse-phased HPLC column is evidence of the increased hydrophobicity of the peptide. Fig 8 shows the effect of methanol addition on  0 for NAcMP-11 10 compared with that of MP-11. The initial sulfoxidation rate for the NAcMP-11 catalysed reaction is similar to that of MP-11. As with MP-11, the addition of low concentrations of methanol to the reaction mixture results in an increase in  0 . However the activity of NAcMP-11 remains relatively constant over the 15-50% 15 solvent range, after which point  0 begins to decrease again. This is in contrast with the  0 of MP-11 which reaches a maximum at ca. 23% added methanol. This result is a strong indication that competitive solvation of the substrate is responsible for the observed decrease in sulfoxidation activity at higher alcohol 20 concentrations. If this were the case, then a more hydrophilic substrate which would bind more strongly to the peptide of MP-11 should also show improved activity at high solvent concentrations. To test this hypothesis, 4-methylthiobenzoic acid (4-MTBA) was evaluated as an alternative sulfide substrate. The carboxyl group of 25 the 4-MTBA would be expected to be negatively charged (the pKa of benzoic acid is 4.2 63 ) and the peptide amines of MP-11 positively charged 18 at neutral pH. In methanol, the more hydrophilic substrate was found to have a minimal effect on the position of peak activity. With the more hydrophobic t-butanol the 30 effect is more pronounced however, with the peak in activity occurring at a higher solvent concentration for 4-MTBA (at ~ 20 % methanol vs. ~12 % for methyl phenyl sulphide, data not shown). While these changes are relatively small, they are a clear indication that the polarity of the substrate plays an important role in the 35 catalytic activity of MP-11 in aqueous/organic solvent mixtures. When taken in conjunction with the NAcMP-11 data, it leads to the conclusion that the decrease in activity observed at high alcohol concentrations can be attributed to the solvent competing with the peptide binding site for the hydrophobic substrate. 40 
Increase in  0 at low alcohol concentrations
While the decrease in activity at high alcohol concentrations has been explained, the increase in activity at lower concentrations has yet to be accounted for. One possible reason for this enhanced 45 activity is the dispersion of MP-11 aggregates by the added alcohol. Kadnikova iron is unlikely to be a factor in this study as NAcMP-11 also exhibits an increase in  0 on alcohol addition. This form of aggregation is not possible for NAcMP-11 due to acylation of the primary amine groups on the peptide. In their work, Aron et al.
showed that dimerisation resulted in a decrease in Soret band 60 intensity in aqueous solution 64 . Here, the absorbance at 399 nm for MP-11 was found to increase slightly on alcohol addition, although this in itself is not conclusive evidence that aggregation-dispersion phenomena are responsible for the results observed.
The effect of ionic strength on the initial rate of sulfoxidation of 65 methyl phenyl sulfide was investigated. Increased levels of dimerisation of metalloporphyrins have been reported at higher ionic strength due to shielding of the anionic charges on the monomers which can cause electrostatic repulsion 65 . A similar trend was observed for NAcMP-8 44 . Thus a decrease in  0 would 70 be expected at higher ionic strength as more dimerisation occurred. For both MP-11 and NAcMP-11 a decrease in activity was observed with increasing buffer concentration, with the trend being more pronounced for NAcMP-11 (Fig 9) . One plausible explanation for this is that MP-11 contains both positive and 75 negatively charged groups on the peptide and so electrostatic repulsion of the monomers is minimised. For NAcMP-11, the two positively charged amine groups are acylated and the molecule contains solely negatively charged groups (2 carboxyl groups on Glu21 and 2 on the haem propionates). Therefore greater 80 electrostatic repulsion can occur and dimerisation is more sensitive to ionic strength. As was reported by Aron et al. 64 , a decrease in Soret band absorbance was also observed with increasing ionic strength, particularly at buffer concentrations greater than 0.1 M.
Further evidence to support the theory of aggregation at high 85 ionic strength is gained when the effect of ionic strength on  0 is repeated with cyclodextrin-modified NAcMP-11 (CD-NAcMP-11). As with NAcMP-11, a decrease in activity is observed on increasing phosphate concentration up to 0.1 M. Increasing the ionic strength further has little effect on  0 however. This indicates 90 that some aggregation of CD-NAcMP-11 occurs, but increasing levels of aggregation are prevented by the presence of the bulky CD group on the peptide. To conclusively show that dispersion of MP-11 aggregates is responsible for the increase in activity at low alcohol 95 concentrations, the effect of methanol addition on  0 was determined for NAcMP-11 at different ionic strengths. While added methanol results in an increase in the rate of sulfoxidation in 0.01 M buffer, the increase is relatively small compared to that in 0.1 M buffer. In addition, the maximum  0 obtained at both ionic 100 strengths on methanol addition is approximately the same (~ 6 x 10 -7 M s -1 ). Thus no cumulative benefit is observed by operating at low ionic strength and low alcohol concentrations, thereby indicating that the two factors increase  0 by the same means -by preventing aggregation of the MP-11 molecules.
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While aggregation and solvation of the substrate can account for most of the observed results, the sulfoxidation behaviour in aqueous glycerol mixtures is anomalous. The increase in  0 goes well beyond what would be expected from the dispersion of MP-11 aggregates. Measurement of  0 at higher glycerol 110 concentrations is complicated by viscosity and so it is not clear whether the sulfoxidation rate decreases in this region or not. It is possible that glycerol promotes the reaction via a mechanism which is different to the other alcohols, although the nature of this mechanism is not clear.
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Alcohol promoted deactivation of MP-11
While the rate of an enzyme catalysed reaction is an important property, the stability and reusability of a catalyst is a vital consideration. Peroxidases are susceptible to peroxide-based 120 deactivation, particularly in the presence of excess peroxide. In this study, a 10-fold excess of hydrogen peroxide was used (with respect to the substrate) and it is apparent from the time course experiments that deactivation occurs more readily in the presence of solvent. Higher solvent concentrations result in enzyme 125 deactivation at lower substrate conversions. Figure 10 shows the influence of methanol concentration on product yield for the NAcMP-11 catalysed reaction and overlays the  0 data at the same solvent composition. Even though the initial oxidation rate at the 50% solvent level is comparable to that at 25%, the ultimate yield of product is significantly lower. Osman et al. have reported that MP-8 can catalyse the oxidation of methanol to formaldehyde 26 . Therefore it is possible that the methanol 5 oxidation reaction could compete with the sulfoxidation reaction, depleting the peroxide oxidant. This was ruled out however as experiments showed that further additions of hydrogen peroxide to the 50% methanol reaction mixture after 500 seconds had no effect on the sulfide absorbance (data not shown). This would indicate 10 that the enzyme was completely inactivated by this stage. However the possibility of formaldehyde formation still exists and for this reason, the effect of formaldehyde on the MP-11 and NAcMP-11 catalysed reactions was investigated. The presence of even small amounts (2 x 10 -4 M) of formaldehyde in the reaction mixture were 15 found to have a detrimental effect on the product yields for both MP-11 and NAcMP-11. Surprisingly though, formaldehyde did not appear to affect the initial sulfoxidation rate,  0 . This would suggest that formaldehyde itself does not denature MP-11, but somehow prevents catalytic turnover shortly after the reaction has 20 been initiated. If methanol can be oxidised to formaldehyde, then it is possible that formaldehyde may be oxidised further to formic acid. Dunford has reported that formate can bind strongly to lactoperoxidase at low pH and inhibit Compound I formation 41 . The addition of 0.02 25 M formate to the reaction solution however was found to have no effect on either the initial rate or the yield of sulfoxide. Nonetheless, the possible inhibition of peroxidase enzymes by aldehydes presents a serious barrier to the use of peroxidases in primary alcohols. Besides the potential for enzyme deactivation, 30 the formation of formaldehyde (or other aldehydes) during an industrial process is highly undesirable from an health and safety perspective 66 . It is not clear whether the alcohol-promoted deactivation shown in Figure 10 is due to formaldehyde inhibition of the MP-11 or the more well-known peroxide based process. It is 35 apparent however that peroxide deactivation plays an important role as the results in aqueous mixtures of t-butanol, a nonoxidisable alcohol, are similar to those in methanol mixtures. The reason why the deactivation occurs more readily in the presence of solvent is unknown at present.
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Conclusions
MP-11 displays significant catalytic activity in the oxidation of methyl phenyl sulfide. The addition of low concentrations of alcohols to the reaction mixture enhanced the initial sulfoxidation rate, most likely due to the dispersion of MP-11 aggregates. Higher 45 alcohol concentrations resulted in a decrease in activity arising from solvation of the hydrophobic substrate which disrupts binding to the peptide. Alcohols were found to increase the rate of MP-11 deactivation either through the formation of aldehydes (for primary alcohols) or via peroxide deactivation. The addition of non-50 alcoholic solvents resulted in a decrease in sulfoxidation activity for MP-11. A cyclodextrin modified MP-11 was prepared and characterised. The catalytic activity of this modified MP-11 was similar to that of MP-11, demonstrating that it is the N-terminal side of MP-11 which is the determinant of catalytic activity. 55 The experimental conditions used to measure  0 also favour peroxidase deactivation (large excess of peroxide relative to substrate). From a practical point of view however, it is not necessary to have pseudo first order conditions and indeed, it is economically undesirable to have a large excess of one reactant. 60 High substrate concentrations 17, 42, 67 or the slow addition of peroxide 13, 14 can prevent the build-up of excess peroxide which ultimately leads to deactivation indicating that the optimal system involves the addition of peroxide at the rate at which it is consumed 40 . Therefore it should be possible to minimise the effect 65 of solvent-aided deactivation by careful consideration of the reaction conditions. In addition, the lower sulfoxidation rate at high solvent concentrations may be offset by the greater solubility of the substrate in these media. 
